1.. Introduction {#S1}
================

Essential tremor (ET), characterized by postural and kinetic tremor, is one of the most frequent movement disorder and involuntary oscillatory movement of a body part \[[@ref001]\]. In the USA, 2.2% of the general population suffer from ET, and the prevalence is increasing with age \[[@ref002]\]. ET affects the activities of daily living (ADL) and deteriorates the quality of life because it can typically appear when holding the hands outstretched, holding a cup and spoon, and writing \[[@ref003], [@ref004]\]. Furthermore, it affects the mental components of quality of life, especially when the symptoms occur in public \[[@ref003], [@ref004]\].

Fahn-Tolosa-Marin (FTM) tremor rating scale, which rates tremor severity from 0 (none) to 4 (severe) by body part, is the most widely used rating tool for the evaluation of disease severity in patients with ET \[[@ref005]\]. However, this rating scale relies upon a rater's subjective evaluation based on their clinical experience and suffers from the discrimination of sensitive changes. That is, it has a number of limitations, which include poor inter- and intra-rater variability. Actually, it was previously reported that the FTM tremor rating scale had undergone limited validation \[[@ref006]\]. Therefore, more quantitative and objective systems for evaluation of tremor would be helpful in accurate diagnosis and in evaluating the response to interventions, e.g., medications and surgeries.

Many studies have been tried to feasibility of the quantification of tremor by using electromyography (EMG) \[[@ref007]\], electromagnetic tracking devices \[[@ref008]\], three-axial accelerometers \[[@ref009]\] and optical systems \[[@ref010]\]. However, these systems have some limitations as follows: EMG has uncomfortable wearing, such a system has limited usability in clinical applications \[[@ref011]\]. Accelerometers can suffer from gravitational artifact \[[@ref012]\]. Moreover, electromagnetic devices are influenced by experimental environments because they are sensitive to electric or magnetic fields \[[@ref013]\]. The optical systems have limitations that used only a distal finger joint and only in two directions.

Actual tremor is rotational movement in nature and a gyro sensor measure of angular movements in terms of angular velocity. Furthermore, the gyro sensor is free from gravitational artifact and magnetic fields, so that it is expected to improve some limitations of the above devices. That is, the gyro sensor was shown to be helpful for the evaluation of tremor patterns. Actually, it has been reported that the gyro sensor based system was used to quantify upper limb bradykinesia \[[@ref014], [@ref015], [@ref016]\] as well as lower limb bradykinesia \[[@ref017]\] in patients with Parkinson's disease (PD). Moreover, quantitative evaluation of motor function in patients with mild-to-moderate carpal tunnel syndrome was investigated using the gyro sensor \[[@ref018]\].

Postural tremor is one of the clinical features of ET. Specifically, ET is most troublesome when a body part is held straight out from the body in a stable position against gravity. Even though many studies have investigated the quantification of postural tremor, few have attempted to investigate the quantitative measures of tremor considering various joints of the upper limb and various directions. Therefore, this study quantitatively measured the postural tremor pattern of the fingers, hands and arms during out-stretched posture of the hands using multi-axis gyro sensors.

2.. Methods {#S2}
===========

2.1. Subjects {#S2.SS1}
-------------

Eighteen patients with ET (8 men, 10 women; age, 50--78 years; FTM score, 0 $\sim$ 3; disease duration, 1--50 years) participated in this study. Diagnosis of ET was made by a neurologist with expertise in movement disorders based on clinical diagnostic criteria \[[@ref019]\]. Patients who showed focal neurological deficits, having significant brain pathology, peripheral neuropathy and parkinsonism were excluded in this study. Patients who take drugs that affects tremor were also excluded. Table [1](#T1){ref-type="table"} shows the demographics of the subjects. The study was approved by the research ethics committee of the Korea University Hospital (Ansan, Korea), and all the patients involved provided written informed consent.

Table 1Clinical profile of the patientsGenderAge \[Years\]FTM scoreDuration \[Years\]Family historySubject 1W6227YSubject 2W7413NSubject 3W5627NSubject 4M71213YSubject 5M6802YSubject 6W74112NSubject 7W70150YSubject 8W76230YSubject 9W7139YSubject 10W71240YSubject 11M7828NSubject 12W5818YSubject 13M7028NSubject 14M72250NSubject 15M67250YSubject 16M7831YSubject 17M50213NSubject 18W73110YNote: M $=$ Men, W $=$ Women, Y $=$ Yes, N $=$ No.

2.2. Experiments and analysis {#S2.SS2}
-----------------------------

Figure [1](#thc-28-thc209050-g001){ref-type="fig"} shows the developed wearable system for the measurement of the fingers, hands and forearm tremors. A gyro sensor (L3G4200D, STMicroelectronics, Germany) was attached on the index finger, dorsum of the hand and forearm with the sensing axis aligned to tremor directions (pitch, yaw, roll). The gyro sensor signal was sampled at 100 Hz by a microprocessor (MSP430F5522) and was wirelessly transmitted to the personal computer through a Bluetooth. The sensor data was stored by a self-developed software program using LabVIEW (National Instruments, USA). MATLAB (The Mathworks Inc., USA) was used for calculations of outcome measure. The selection of the measuring site (right or left upper limb) was identified by the patient as being more affected by ET. The postural tremor task was selected as one of the clinical tasks. Postural tremor appears when a patient voluntarily maintains a position against gravity. All the patients performed the task with seated in a chair as shown in Fig. [1](#thc-28-thc209050-g001){ref-type="fig"}. That is, they attempted to maintain the upper limbs outstretched parallel to the floor for 15 seconds. Before the main test, the task was explained in detail to ensure each patient was familiar with it. The main test, which was composed of six trials, was performed for each patient. The average of the six trials was used for subsequent analysis. It has been reported that ET has a frequency between 4 and 12 Hz \[[@ref020], [@ref021]\]. Therefore, digital Butterworth filter with a passband of 3--12 Hz was used to eliminate high frequency noises and low frequency drifts in the angular velocity data \[[@ref022]\]. Four variables were derived from the angular velocity data of each segment as the outcome measures. Root mean squared (RMS) angular velocity and displacement were calculated from the angular velocity signals as time domain variables. Each variable means the average speed and amplitude of the involuntary movement due to tremor, respectively. The angular displacement was calculated from the numerical integration of the angular velocity. The peak power and frequency were derived from the power spectrum of the angular velocity signal for the frequency domain variables. Each means the intensity of the main tremor component and frequency at which the power spectrum was at its maximum, respectively. FTM tremor rating scores were assessed for comparison with the quantitative variables. As shown in Table [1](#T1){ref-type="table"}, the rating was performed only once by a neurologist before quantitative measurement.

Figure 1.The gyro sensor based wearable device for quantitative measurement of tremors at the fingers, hands and forearm.

For statistical analysis, the relationship between the outcome measure and clinical FTM tremor rating scale was evaluated by the Spearman's correlation analysis. SPSS version 16 for Windows (SPSS Inc., Chicago, IL, USA) was used to perform for all statistical analyses. The level of significance was defined as $p <$ 0.05.

Figure 2.Typical angular velocity signal of the roll direction in patients with mild tremor (left) and severe tremor (right).

3.. Results {#S3}
===========

Figure [2](#thc-28-thc209050-g002){ref-type="fig"} shows a representation of the angular velocity signal used in comparing patients with mild tremor and those with severe tremor. The patients with severe tremor showed faster oscillating angular velocity compared to those with mild tremor (severe tremor: 15.2 deg/sec, mild tremor: 0.5 deg/sec). Similarly, Fig. [3](#thc-28-thc209050-g003){ref-type="fig"} shows representative power spectrum of the angular velocity signal. The peak power of patients with severe tremor was markedly greater than that of patients with mild tremor (severe tremor: 62150 deg/sec2/Hz, mild tremor: 14 deg/sec2/Hz). Peak frequency was similar between the patients (severe tremor: 6.2 Hz, mild tremor: 6.5 Hz). Figure [4](#thc-28-thc209050-g004){ref-type="fig"} shows the representative relationship between the RMS angular velocity and FTM tremor rating scale in the roll direction of the hand tremor. RMS angular velocity by hand tremor increased with severity score.

Table 2Results of correlation coefficients between time domain variables and clinical scoresOutcome measuresSegmentDirectionCorrelation coefficientSignificanceRMS angular velocityFingerRoll0.57\*Pitch0.59\*Yaw0.41HandRoll0.70\*\*Pitch0.54\*Yaw0.70\*\*ForearmRoll0.65\*\*Pitch0.48\*Yaw0.57\*RMS angular displacementFingerRoll0.60\*\*Pitch0.65\*\*Yaw0.42HandRoll0.66\*\*Pitch0.39Yaw0.42ForearmRoll0.29Pitch0.56\*Yaw0.58\*$$ 0.05, $$ 0.01.

Figure 3.Typical power spectrum of angular velocity signal in patients with mild tremor (left) and severe tremor (right).

Table [2](#T2){ref-type="table"} shows the results for the relationship between the time domain variables and FTM tremor rating scale. The RMS angular velocity was significantly correlated with all the joints except the yaw direction of the finger joint ($p <$ 0.05). As shown in Fig. [5](#thc-28-thc209050-g005){ref-type="fig"}, the roll and yaw directions at hand had the strongest correlation of the RMS angular velocity with the FTM tremor rating scale ($r =$ 0.7, $p <$ 0.05). In RMS angular displacement, some of the directions had significant moderate correlation coefficient ($p <$ 0.05).

Table 3Results of correlation coefficients between frequency domain variables and clinical scoresOutcome measuresSegmentDirectionCorrelation coefficientSignificancePeak frequencyFingerRoll0.28Pitch$-$0.19Yaw0.25HandRoll0.07Pitch$-$0.25Yaw0.24ForearmRoll0.19Pitch0.29Yaw$-$0.02Peak powerFingerRoll0.54\*Pitch0.55\*Yaw0.51\*HandRoll0.61\*\*Pitch0.49\*Yaw0.67\*\*ForearmRoll0.60\*\*Pitch0.46Yaw0.58\*$$ 0.05, $$ 0.01.

Figure 4.The relationship between RMS angular velocity of the roll direction at hand and clinical severity score.

Figure 5.The comparison of correlation coefficients in time domain variables ($$ 0.05, $$ 0.01).

Table [3](#T3){ref-type="table"} shows the correlation coefficient between the frequency domain variables and FTM scores. The peak power was significantly correlated with all the joints except the pitch direction of the forearm joint ($p <$ 0.05). The peak power of the roll and yaw directions at hand, in common with the RMS angular velocity, had better correlation coefficients ($r =$ 0.61 and $r =$ 0.67) compared to the other joints and directions as shown in Fig. [6](#thc-28-thc209050-g006){ref-type="fig"}. In contrast, the peak frequency was not significantly correlated with the FTM tremor rating scale ($p >$ 0.05).

Figure 6.The comparison of correlation coefficients in the frequency domain variables ($$ 0.05, $$ 0.01).

4.. Discussion {#S4}
==============

ET has been evaluated by clinical assessments tools, such as FTM tremor rating scale \[[@ref005]\]. However, the assessment tool still has a number of limitations, such as subjectiveness and poor validation \[[@ref006]\]. It is important to objectively and quantitatively assess the severity of disease, prognosis, surgery and medication effects for efficient interventions of ET patients. In this study, postural tremor patterns of the fingers, hands and forearms during holding arm outstretched were quantitatively measured in patients with ET by using three axial gyro sensors. The relationships between outcome variables and FTM tremor rating scale were investigated in each direction and at each joint. The main findings from the study indicated that the correlation of the outcome measures with clinical severity scores differed with the joints and tremor directions. Specifically, the RMS angular velocity and peak power of hand tremors showed better correlation coefficients in comparison with other joints. The RMS angular velocity of the roll and yaw directions, especially, could reflect well the severity of ET. On the other hand, the peak frequency could not reflect the severity of ET.

The gyro sensor has been used to quantitatively analyze the clinical features for patients with movement disorders because it can measure angular movements and is free from gravity artifact. Indeed, many studies have attempted quantitative analysis of bradykinesia by using gyro sensors in PD patients \[[@ref014], [@ref015], [@ref016], [@ref017]\] and scans without evidence of dopaminergic deficit (SWEDD) \[[@ref015]\]. Although Parkinson's tremor has been investigated by using the gyro sensor \[[@ref023], [@ref024]\], quantitative measures of ET have still been required because of the difference of clinical features between ET and Parkinson's tremors. Particularly, this study considered the directionality as well as attachment location in patients with ET.

In time domain variables, significant positive correlations between the RMS angular velocity and FTM tremor rating scale indicate that the average velocity of the upper limb tremor during arm outstretch tasks are associated with clinical score ratings. Strong correlation coefficients were especially observed in the roll ($r =$ 0.7) and yaw directions ($r =$ 0.7) at hand. This means that hand joints might be more helpful for the assessment of severity of ET compared to the other joints. Indeed, it was reported that ET patients tend to primarily manifest postural tremors at the hands \[[@ref025]\]. Similarly, the peak power in the frequency domain variable was significantly correlated with the FTM tremor rating scale. This indicates that the intensity of the main velocity component was related with the clinical score ratings. This variable also showed better correlation coefficients in roll ($r =$ 0.61) and yaw directions ($r =$ 0.67) at the hands compared to other joints and directions. That is, hand tremor may better reflect severity of ET in frequency domain as well as in time domain. Therefore, these results suggest that measuring the location and directionality should be considered when performing monitoring and detection of tremor during activity of daily living using wearable devices.

On the other hand, the peak frequency had very weak correlation with the FTM tremor rating scale, and there was no significance of the correlation coefficient in all the directions and joints. The peak frequency has been often used in the classification of the underlying pathology, e.g., ET, Parkinson's tremors and dystonic tremors \[[@ref026], [@ref027]\]. The peak frequency of our study was in the range of 4.20 Hz to 9.26 Hz and was consistent with the literatures that ET have a frequency between 4 and 12 Hz \[[@ref020], [@ref021]\]. However, the peak frequency was not associated with the severity of ET.

The limitations of this study are as follows: (1) A small population of patients and only one neurologist participated in this study. Thus, distributions of the FTM rating scores were not uniformed. Specifically, patients with score two were converged on our study compared to patients with other scores. Additional verification on a larger population of patients as well as many neurologists should be investigated as in a further study. (2) We focused on the basic symptomatology of only ET patients. Quantitative analysis of various tremor types, i.e., Parkinson's tremor and dystonic tremor, would suggest good informative insights. (3) This study focused on only postural tremor task. Many patients suffer from action tremor when holding a cup and spoon, and writing. Therefore, the suggestion of this study needs to be additionally verified in terms of action tremor during activity of daily living.

5.. Conclusions {#S5}
===============

In conclusion, the relationship between quantitative measures and clinical severity scores differed with the attachment locations and tremor directions. This study demonstrated that (1) RMS angular velocity as well as the peak power of hand tremor was significantly correlated with the severity score. (2) In the hand tremor, the average speed of the roll and yaw directions reflected well the severity scores. (3) The peak frequency only described the underlying pathology and could not reflect the severity of disease. These results contribute to more quantitative and objective evaluation in patients with ET for effective treatments.
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